Olesen AT, Jensen BR, Uhlendorf TL, Cohen RW, Baan GC, Maas H. Muscle-specific changes in length-force characteristics of the calf muscles in the spastic Han-Wistar rat. J Appl Physiol 117: 989-997, 2014. First published September 4, 2014 doi:10.1152/japplphysiol.00587.2014.-The purpose of the present study was to investigate muscle mechanical properties and mechanical interaction between muscles in the lower hindlimb of the spastic mutant rat. Length-force characteristics of gastrocnemius (GA), soleus (SO), and plantaris (PL) were assessed in anesthetized spastic and normally developed Han-Wistar rats. In addition, the extent of epimuscular myofascial force transmission between synergistic GA, SO, and PL, as well as between the calf muscles and antagonistic tibialis anterior (TA), was investigated. Active length-force curves of spastic GA and PL were narrower with a reduced maximal active force. In contrast, active length-force characteristics of spastic SO were similar to those of controls. In reference position (90°ankle and knee angle), higher resistance to ankle dorsiflexion and increased passive stiffness was found for the spastic calf muscle group. At optimum length, passive stiffness and passive force of spastic GA were decreased, whereas those of spastic SO were increased. No mechanical interaction between the calf muscles and TA was found. As GA was lengthened, force from SO and PL declined despite a constant muscle-tendon unit length of SO and PL. However, the extent of this interaction was not different in spastic rats. In conclusion, the effects of spasticity on length-force characteristics were muscle specific. The changes observed for GA and PL muscles are consistent with the changes in limb mechanics reported for human patients. Our results indicate that altered mechanics in spastic rats cannot be attributed to differences in mechanical interaction, but originate from individual muscular structures. muscle spasticity; mechanical properties; myofascial force transmission; muscle stiffness MUSCLE SPASTICITY HAS BEEN defined as a "velocity-depended resistance to stretch" (24) and arises secondary to upper motoneuron lesions with cerebral palsy and stroke as the most common examples (12). Individuals suffering from spasticity typically experience muscle weakness, enhanced joint stiffness, increased muscle tone, reduced range of joint motion, increased antagonistic co-contraction, and exaggerated reflexes (1, 3, 6, 12, 13, 32, 41, 48) . These effects severely impair the ability to perform daily activities, and treatment is often needed.
MUSCLE SPASTICITY HAS BEEN defined as a "velocity-depended resistance to stretch" (24) and arises secondary to upper motoneuron lesions with cerebral palsy and stroke as the most common examples (12) . Individuals suffering from spasticity typically experience muscle weakness, enhanced joint stiffness, increased muscle tone, reduced range of joint motion, increased antagonistic co-contraction, and exaggerated reflexes (1, 3, 6, 12, 13, 32, 41, 48) . These effects severely impair the ability to perform daily activities, and treatment is often needed.
To asses whether some of these symptoms are related to altered mechanical properties of muscle-tendon units (MTUs), passive and active length-force characteristics have been estimated as joint moment as a function of gastrocnemius (GA) fascicle length. Spastic GA was found to be stiffer than normally developed in such studies (2, 3) . The active lengthforce curve of the spastic GA was narrower and the optimum length was shifted to a shorter fascicle length than in normally developed GA (2, 15, 16) . However, estimating length-force characteristics from joint moments can be misleading because this is the net effect of forces exerted by several MTUs and passive structures around the joint, which depend on their moment arms (11, 30) . Therefore, it remains unclear whether these findings can be attributed to individual MTUs.
Muscle fiber force can be transmitted to bone via the tendon or aponeurosis, termed myotendinous force transmission. Force can also be transmitted via intermuscular and extramuscular connective tissues (29) , termed epimuscular myofascial force transmission. Mechanical interaction between muscles is an effect of such force transmission, which is defined as a change in force of restrained muscles caused by changes in MTU length of an adjacent muscle (28) . The degree of force transmission between muscles depends on the force-transmitting ability of the myofascial pathways. Stiffer pathways will transmit relatively more force than less stiff pathways. Due to strong indications of stiffer connective tissues in spastic muscles (5, 43) , it is likely that epimuscular myofascial pathways in spastic limbs are stiffer and will transmit relatively more force. Effects of epimuscular myofascial force transmission have been found in the forearm of human patients with spastic cerebral palsy (10, 42) . These measurements were not performed in normally developed limbs. Therefore, it is not known whether effects of epimuscular myofascial force transmission are enhanced in spastic limbs.
A spastic Han-Wistar mutant rat model was first described in 1976 (37) . It was reported to exhibit progressive spastic paresis, hindlimb rigidity, forelimb tremor, hyperactivity, and ataxia. Note also that in human patients suffering from spasticity, reduced range of joint motion is a frequently observed symptom (see above). In these rats, hyperactivity and tremor are initiated first at the age of 25-30 days. From the 35th day, ataxia becomes more progressive in both forelimbs and hindlimbs. At 42-50 days postnatal, spastic paresis is manifested by limb rigidity and more plantar-flexed paws (37) , which is also typical in humans with spastic lower legs. The spastic mutant rat has previously been used for neurophysiological studies (7, 8, 39, 44) , but the mechanical properties of its skeletal muscles have never been investigated.
The first aim of the present study was to investigate passive and active length-force characteristics of the calf muscles in the spastic mutant rat. We hypothesized that 1) the length-force characteristics are narrower and shifted to a more plantarflexed position of the ankle; 2) maximal active force is reduced; and 3) passive muscle stiffness is increased as suggested for human patients suffering from spasticity. The second aim of our study was to investigate whether mechanical interaction between hindlimb synergistic and antagonistic muscles is affected by spasticity. We hypothesized that the extent of such interaction between muscles is higher in spastic limbs than in normally developed limbs.
METHODS

Animals.
Ten Han-Wistar rats (6 females, 4 males, weight 160 Ϯ 30 g, age 58 Ϯ 6 days, Table 1 ) suffering from a neurodegenerative disorder characterized by spasticity (37) were used in this study (SP rats). The SP rats were obtained from the California State University, Northridge breeding colony. As control rats, eight normally developed Han-Wistar rats (4 females, 4 males, weight 180 Ϯ 27 g, estimated age 7-9 wk based on the Charles River growth curve; Table 1) were used: two littermates of the SP rats and six rats from Charles River (Germany). At the time of testing, the SP rats exhibited crooked front paws and rigidity in the hindlimbs in different degrees. The rigidity caused the rats to walk on tiptoes with a more plantar-flexed ankle position than controls (Supplementary Materials, compare Video 1 and Video 2). In severe cases, the rats were not able to stand on their legs, but lay with fully extended knees and plantar-flexed ankles when resting. When initiating locomotion, voluntary ankle dorsiflexion seemed difficult and, in a single case, was not possible (Supplementary Materials, Video 3). Surgical and experimental procedures were in strict agreement with the guidelines and regulations concerning animal welfare and experimentation set forth by Dutch law and were approved by the Committee on Ethics of Animal Experimentation at the VU University, Amsterdam (permit FBW 10 -04).
Surgical procedures. According to standard procedures in our laboratory [e.g., (26) ], rats were deeply anesthetized by intraperitoneally injecting urethane (initial dose 1.2 ml/100 g body mass administered by two injections with 10-min intervals). If paw withdrawal reflex was present 15 min or longer after the initial dose, another 0.2 ml of urethane was injected. Ambient temperature and air humidity were kept constant at 22 Ϯ 0.5°C and 70 Ϯ 10%, respectively, by a computer-controlled air conditioning system (Holland Heating, Waalwijk, The Netherlands). Body temperature was monitored and maintained at ϳ37°C using an electrical heating pad. To prevent dehydration, exposed tissues were regularly irrigated with isotonic saline.
Before cutting the tendons from the skeleton, markers (knot with 7-0 suture; Prolene, Ethicon) were placed on the distal tendons of GA, soleus (SO), plantaris (PL), tibialis anterior (TA), and peroneus longus tendon to mark the position that corresponds to 90°ankle and knee angles (Fig. 1A) . This position will be referred to as reference length (L ref) . Skin and biceps femoris were removed from the left hindlimb. The TA tendon distal to the retinaculum and a piece of the medial cuneiform bone with the TA tendon insertion were dissected free. The retinaculum at the ankle was left intact. The distal PL tendon was dissected free and severed distally to the calcaneus. The distal SO tendon was dissected free and severed from the Achilles tendon. The tendons of TA, SO, and PL were each connected to force transducers (maximal load 25 N, error Ͻ0.1%, compliance of 0.0162 mm/N; BLH Electronica, Canton, MA) via a Kevlar thread (4% elongation at break load of 800 N; Goodfellow, Cambridge, UK). The distal tendon of GA, still attached to a cut piece of calcaneus, was connected to a different force transducer (maximal load 50 N, error Ͻ0.1%, compliance of 0.0048 mm/N; Hottinger Baldwin) via a Kevlar thread. The biceps femoris muscle, the distal tendons of GA, SO, PL, and TA, a part of the medial cuneiform bone, and a part of the calcaneus bone were the only structures separated from the otherwise intact lower leg. All connective tissues between and around muscle bellies were left intact. The lateral side of the femur was exposed by dissection between quadriceps femoris and the hamstring muscles, and a metal clamp was attached. The foot was attached to a plastic plate using 1-0 silk suture and tie-wraps. The proximal end of the lateral GA was marked with a pen, and the distal end of the GA muscle belly was marked with piece of black thread sutured to the surface (7-0 suture; Prolene, Ethicon).
The common peroneal nerve was cut just distally to its branching from the sciatic nerve. Custom-made bipolar cuff electrodes were placed on the common peroneal nerve and on the sciatic nerve. Stimulation of the common peroneal nerve excited the ankle dorsiflexors, including TA and the peroneal muscles. Stimulation of the sciatic nerve excited the ankle plantar flexors, including GA, SO, and PL (Fig. 1) .
Experimental setup. The rat was placed prone on a horizontal heating pad. The femur and foot were secured vertically such that the knee and ankle angle were 90° (Fig. 1A) . Force transducers were placed in the line of pull of the muscles. Due to space limitations, the Kevlar threads of TA and PL muscles were connected to their force transducers via low-friction pulleys (26) . Muscles were excited by electrical stimulation of the sciatic nerve and the severed common peroneal nerve. Stimulation was supramaximal and consisted of two single twitches followed by a 100-Hz pulse train of 500 ms (square pulses, amplitude 0.3-0.5 mA, pulse width 100 s) from a constant current source (DS3 Constant Current Isolated Stimulator; Digitimer, Hertfordshire, UK). The two twitches were evoked to enable the muscles to adapt to the imposed length and relative position (46) . Force data were collected at 1 kHz using a custom-built constant current strain gauge amplifier (400 -1,600ϫ) and an A/D converter (PCI-6221; National Instruments, Austin, TX). A custom-made data acquisition program using LabVIEW (version 9.0.1f1) was used to control stimulation of the nerves and for data collection and storage.
Experimental protocols. Initially, to prevent history effects of muscle contractions at high lengths, the three calf muscles (i.e., GA, PL, and SO) were excited at low and high lengths repeatedly until force output at low length was reproducible for each muscle (19) . TA muscle was excited repeatedly at Lref, because TA was kept at Lref throughout all experimental protocols.
Isometric forces exerted at the distal tendons of all four muscles were measured for two protocols (see Fig. 1 , B and C): 1) Increasing the length of the three calf muscles (lcalf MTU) simultaneously from the active slack length of GA to 2 mm above active optimum length of GA. The muscles were lengthened distally in steps of 1 mm. TA was kept at Lref. Common peroneal and sciatic nerves were stimulated GA, gastrocnemius; Lref, reference length; MTU, muscle-tendon unit; SO, soleus; SP, spastic. *Days of age and body mass at testing day. Length of lower leg and length of GA muscle belly, tendon, and MTU were estimated from photographs of the experimental leg with MTUs at Lref and muscles relaxed.
†Ages of control rats were estimated from growth curves and were therefore not statistically compared. No statistical difference between groups was found (P Ͼ 0.05). Values are means Ϯ SD.
simultaneously. The purposes of protocol 1 were a) to assess the length-force characteristics of the calf muscles, both individually and as a group; and b) to quantify the extent of mechanical interaction between the calf muscles and the antagonistic TA. By restraining TA, the changes in force output from TA must be attributed to effects of epimuscular myofascial force transmission between the calf muscles and TA. 2) Increasing the length of GA exclusively (l GA MTU) from its active slack length to 2 mm above optimum length in steps of 1 mm. SO, PL, and TA muscles were kept at L ref.
The purpose of protocol 2 was to quantify the extent of mechanical interaction between GA and the synergistic SO and PL muscles. Therefore, in this protocol only the sciatic nerve was stimulated. After each contraction the muscles were released to passive slack length and rested for 2 min to minimize muscle fatigue. Before and after both protocols, the muscles were excited at lengths near optimum length to monitor any change in muscle conditions (e.g., fatigue). After protocol 1, total GA force was decreased by less than 12%. Protocol 2 resulted in an additional decrease of GA force of less than 5%. Digital still pictures (Panasonic Camcorder HC-V720) were taken of the experimental leg from a lateral view in passive condition at L ref in protocol 1. After the mechanical measurements were completed, lateral and medial GA and SO were harvested to obtain muscle masses (Table 1) .
Data analysis. Forces exerted at the different tendons of the calf muscles were analyzed individually, but also as the sum indicated as force of the calf muscle group. Passive and active force was extracted from the measured force as follows: passive force was calculated in Matlab 2013b as the mean of the total force output for 50 ms between the second twitch and the tetanic stimulation train. Total force during the tetanus was calculated as the mean of the total force output of the last 50 ms of the pulse train. Active force was assessed by subtracting passive force from total force at equal MTU length. Active force as a function of MTU length was fitted to a polynomial of maximal sixth order using stepwise regression (R 2 Ͼ 0.99, mean R 2 ϭ 1.00) (20, 26) . Considering the high number of data points used (on average 15.3 Ϯ 1.5, minimally 13), this maximal order was deemed appropriate. Maximal active force, active slack (L slack), and active optimum length (Lopt) were determined from the fitted curves. The length range of the ascending part of the active length-force curve was calculated as the length range between active slack length and optimum length. Passive forces as a function of MTU length were fitted to a double exponential function as f(x) ϭ a·e b·x ϩ c·e d·x (R 2 Ͼ 0.99, mean R 2 ϭ 1.00) (9) . A: lateral view of the left rat hindlimb with anterior and posterior crural compartments exposed, and the experimental setup. The femur was fixed vertically with a metal clamp and the foot was fixed vertically to a plastic plate. Knee and ankle angles were kept at 90°, and the lower leg was held horizontal. Tendons of gastrocnemius (GA), plantaris (PL), and soleus (SO) muscles were connected to force transducers with adjustable positions (⌬lMTU). The tibialis anterior (TA) tendon was connected to a force transducer and kept at reference length in all experimental conditions. Markers were used to set the reference lengths (Lref). Cuff electrodes were mounted on the sciatic and common peroneal nerves. Dashed lines indicate lengths of lower leg and GA muscle belly, tendon, and muscle-tendon unit (MTU) (for details see METHODS). B: protocol 1; the lengths of all calf MTU were increased simultaneously at the distal end from the active slack length of GA to 2 mm above active optimum length of GA. TA was kept at reference length (Lref). Common peroneal and sciatic nerves were stimulated simultaneously. C: protocol 2; the length of GA was increased exclusively from its active slack length to 2 mm above optimum length. SO, PL, and TA muscles were kept at their Lref. Only the sciatic nerve was stimulated.
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Passive force at Lref and at Lopt was determined from the fitted curves. Passive stiffness of the MTU, calculated as the slope of the passive length-force curve, was assessed at Lref and Lopt.
To assess the extent of mechanical interactions between synergistic and antagonistic muscles, total forces exerted at the distal tendon of the length-restrained muscles (TA in protocol 1; SO and PL in protocol 2) were used. Note that passive forces were very small in those conditions (Ͻ0.05 N in TA, Ͻ0.04 N in SO, and Ͻ0.04 N in PL). Total forces were fitted to a third-order polynomial (R 2 Ͼ 0.62, mean R 2 ϭ 0.92). Total force was normalized to the total force of the respective muscle when all muscles were aligned at Lref. Length was normalized to the length range of the ascending part of the active length-force curve of GA.
The length of GA muscle belly and MTU in passive condition at L ref (protocol 1) were measured from digital still pictures (4.14 megapixels, 0.057 Ϯ 0.002 mm per pixel). Tendon length was subsequently calculated by subtracting muscle belly length from MTU length. From the same pictures, length of the lower leg was estimated as the perpendicular distance from the origin of lateral GA to the surface of the footplate.
Statistics. All values are presented as mean Ϯ SD. Statistical analysis was performed in SPSS 20. Group differences in length-force curves were tested with a two-way ANOVA (MTU length ϫ group) with MTU length as the repeated measurements factor. Because sphericity was violated consistently, Greenhouse-Geisser correction was applied in all ANOVAs. t-tests were used for single parameter comparison, and unequal variance in the two groups was assumed. When the ANOVAs indicated a significant group effect or interaction between factors (group and length), forces and stiffnesses were compared at reference length. Parameters related to slack and optimum length were tested in all cases, because these were not included in the ANOVAs. Gender distribution was 2 tested. Ages were not statistically compared because the ages of the control rats were estimated (see above). Level of significance was set at P Ͻ 0.05.
RESULTS
Descriptive and anatomical parameters. No significant differences were found for the anatomical parameters: body mass; lower leg length; GA mass; SO mass; and lengths of GA muscle belly, MTU, and tendon at reference length corresponding to an ankle and knee joint angle of 90° (Table 1) . Neither did gender distribution differ between groups.
Length-force characteristics of the calf muscle group. The passive and active length-force characteristics of the group of calf muscles (i.e., the force of GA, PL, and SO summed at each MTU length) were significantly affected by spasticity ( Fig.  2A) . For both passive and active forces, ANOVA indicated group (P ϭ 0.038 and P Ͻ 0.001, respectively) and MTU length effects (both P Ͻ 0.001), as well as interaction between these factors (P ϭ 0.032 and P Ͻ 0.001, respectively). This interaction indicates that when MTU length changed, force responded differently in the two groups, indicative of the curves having different slopes. Maximal active force of the calf muscles was 31% lower in the SP group (11.6 Ϯ 2.3 N) than in the control group (16.8 Ϯ 2.9 N, P Ͻ 0.001, Fig. 2B) . No difference was found in active force at L ref ( Fig. 2A) . For the SP group, optimum length was located at an MTU length closer to L ref than for the control group (P ϭ 0.005, Table 2 ). However, active slack length relative to L ref was not significantly different between groups. Consequently, the length range of the ascending part of the active length-force curve for the calf muscles of the SP group was shorter than that of controls (P ϭ 0.030, Table 2 ). At L ref , both passive force and MTU stiffness in the SP group were 83% and 100% higher, respectively, than in the controls (P ϭ 0.038 and P ϭ 0.030, respectively; Fig. 2, A and C) . Passive force and stiffness at L opt in the SP group were not different from those in controls (Fig. 2, B and C) . These results indicate that the active length-force curve of the calf muscles in the SP group was narrower and its maximal active force was substantially lower. At the reference position of the ankle and knee joint, the calf muscles in the SP group were operating closer to optimum length, and the passive stiffness was higher.
Length-force characteristics of GA. Passive and active length-force characteristics of GA, lengthened simultaneously with PL and SO (protocol 1), were significantly affected by spasticity (Fig. 3A) . For both passive and active GA forces, ANOVA indicated a MTU length effect (P Ͻ 0.001) and interaction between the factors group and MTU length (P ϭ 0.045 and 0.002, respectively), but no group effect. Maximal active force of GA was 31% lower in the SP group (8.80 Ϯ 1.80 N) than in the control group (12.70 Ϯ 2.38 N, P ϭ 0.001, Fig. 4A ). Note that in both groups, GA muscle exerted ϳ75% of the maximal active force of the calf muscles. No difference was found in active force at L ref (Fig. 3A) . The optimum length of GA was at an MTU length closer to L ref in the SP group than in the control group (P ϭ 0.006, Table 2 Group (active P Ͻ 0.001, passive P ϭ 0.038) and length (P Ͻ 0.001) effects were found, as was interaction (group ϫ length, active P Ͻ 0.001, passive P ϭ 0.032). The passive force at Lref was higher in spastic rats than in control rats (*P ϭ 0.038). The active force at Lref was not affected by spasticity. B: active and passive forces of the calf muscles at optimum length (Lopt).The active force at Lopt is per definition the maximal active force. C: passive stiffness of the calf muscles at Lref and Lopt. *Significant difference (P Ͻ 0.05).
Values are means Ϯ SD.
length-force curve for GA was shorter in the SP group than in controls (P ϭ 0.014, Table 2 ). At L ref , passive force was not affected by spasticity (Fig. 3A) , but passive MTU stiffness was higher in the SP group (35.3 Ϯ 17.9 N/m) than in the control group (19.8 Ϯ 8.7 N/m, P ϭ 0.040, Fig. 5A ). GA passive force and MTU stiffness at L opt was 24% and 26% lower, respectively, in the SP group than in controls (P ϭ 0.014 and 0.006, respectively; Fig. 4B and 5B). These data indicate that GA was the dominating muscle of the calf muscles. Accordingly, spasticity affected its length-force characteristics in a similar fashion as the calf muscle group. Length-force characteristics of PL. The passive and active length-force characteristics for PL in protocol 1 of the SP group were significantly different from those of controls (Fig.  3B) . For active PL force, ANOVA indicated an MTU length effect (P Ͻ 0.001) and interaction between groups and MTU length (P Ͻ 0.001), but no group effect. Maximal active force of PL was 41% lower in the SP group (1.92 Ϯ 0.59 N) than in the control group (3.28 Ϯ 0.65 N, P Ͻ 0.001, Fig. 4A) . No difference was found in active force at L ref (Fig. 3B) . Optimum length of PL was located at a shorter MTU length relative to L ref in the SP group than in controls (P ϭ 0.003, Table 2 ). Because active slack length relative to L ref was not different, the length range of the ascending part of the active length-force curve for PL was also shorter in the SP group than in controls (P ϭ 0.011, Table 2 ). For passive PL force, ANOVA indicated group (P ϭ 0.023) and MTU length effects (P Ͻ 0.001), as well as interaction between these factors (P ϭ 0.028). The PL passive force and MTU stiffness at L ref was higher in the SP group than in the control group (P ϭ 0.026 and 0.027, respectively; Fig. 3B and 5B). Passive force and MTU stiffness in the SP group were not significantly different at L opt . These results show that spasticity affected PL and GA muscles in a similar manner.
Length-force characteristics of SO. For passive and active length-force characteristics of SO (Fig. 3C) , ANOVA indicated an MTU length effect (P ϭ 0.026 and 0.001, respectively) but no group effect. In contrast to GA and PL, no statistical interaction was found. Neither did maximal active force, slack length, or optimum length of the SP group differ from those of controls (P ϭ 0.026, Fig. 4A , Table 2 ). However, passive MTU stiffness at L opt was higher in the SP group than in controls (P ϭ 0.002, Fig. 5B ). These results indicate that in contrast to GA and PL, active length-force characteristics of SO in the SP did not differ from those of controls, and passive MTU stiffness at L opt was increased in the SP group.
Epimuscular myofascial force transmission. Total force of TA was reduced in the SP group (P Ͻ 0.001), but was not Table 2 . Slack length (Lslack) and optimum length (Lopt) were measured relative to reference length. The ascending part of the active length-force curve (Lasc) was calculated as the length range between Lslack and Lopt. *Significant difference (P Ͻ 0.05). N.S., not significant (P Ն 0.05). Values are means Ϯ SD. and interaction (group ϫ length, active P ϭ 0.002, passive P ϭ 0.045) were found, but there was no group effect. B: active and passive force of PL. For active PL force, a length effect (P Ͻ 0.001) and interaction (P Ͻ 0.001) were found, but there was no group effect. For passive PL, group (P ϭ 0.023) and length (P Ͻ 0.001) effects were found, as was interaction (group ϫ length P ϭ 0.028). The passive force at Lref was higher in spastic rats than in control rats (*P ϭ 0.026). The active force at Lref was not affected by spasticity. C: active and passive force of SO. Length effect was found (active P ϭ 0.001, passive P ϭ 0.026), but no group effect or interaction was found. Values are means Ϯ SD.
affected by changes in MTU length of the active calf muscles (protocol 1, Fig. 6A ). Also, when force and length were normalized to total TA force at L ref and the length range between L slack and L opt (ascending length range), respectively, no group effect, MTU length effect, or interaction was found (Fig. 6B) . These results indicate no mechanical interaction between the calf muscles and the antagonistic TA for both groups. However, mechanical interaction was found between GA and synergistic SO and PL muscles in both the spastic and control groups (protocol 2, Fig. 7 ). Increasing MTU length of GA distally decreased total force exerted at the distal tendons of SO and PL muscles (GA length effect P Ͻ 0.001) despite constant MTU length of SO and PL. However, ANOVA indicated no significant interaction, indicating that the curves could not be statistically distinguished from being parallel to each other. In agreement with the length-force characteristics, no difference between groups was found for absolute SO force, but for absolute PL force, a group effect was found (P ϭ 0.002, Fig. 7A ). On average across GA muscle lengths, SO force decreased by 45% in the SP group and by 44% in controls. PL force decreased by 19% in the SP group and by 20% in controls. Effects of MTU length of GA was also found when SO and PL forces were normalized to SO and PL forces at L ref , respectively, and MTU length of GA was normalized to the length range between L slack and L opt of GA (P Ͻ 0.001, Fig.  7B ). Normalization eliminated the group effect on PL force. These results suggest substantial mechanical interaction between GA and synergistic SO and PL muscles. However, the extent of synergistic and antagonist mechanical interaction was not affected by spasticity.
DISCUSSION
This is the first study describing length-force characteristics of skeletal muscles in a spastic mutant rat model. Spasticity affected the length-force characteristics for the whole group of calf muscles, and for the calf muscles individually. A main finding was that the effects of spasticity were muscle specific. Our first three hypotheses (narrower length-force curve and shift of length-force curve toward a more plantar-flexed position, reduced maximal active force, and increased passive stiffness) were confirmed for GA and PL muscles but not for SO. The extent of mechanical interaction was not affected by spasticity and thus, our fourth hypothesis was not confirmed.
Length-force characteristics of the calf muscles. The GA muscle was the dominant muscle of all calf muscles in the Han-Wistar rat. Hence the length-force characteristics of the entire group of calf muscles were similar to those of GA. Consistent with previous findings in human patients (1, 2, 13), we found reduced maximal active forces of GA and PL in spastic rats. Loss of muscle volume has been reported in humans with spasticity (4, 31, 34, 35) and, therefore, atrophy is believed to be the main cause of muscle weakness. In the present study, maximal active force of GA was decreased by 31%, whereas GA muscle mass was decreased by only 14%, albeit not significantly. This suggests that part of the lower maximal active force should be explained by factors other than loss of muscle mass. Because the muscles were maximally excited, the most likely candidate is a decrease in specific tension. Consistent with our hypothesis and previous indirect assessments in human studies (2, 3) , passive force and stiffness of GA and PL were increased markedly at reference length (90°a nkle and knee angle) in the spastic rats. This indicates stiffer MTUs in the spastic rats because anatomical dimensions were unaffected by spasticity (Table 1) . Passive stiffness was reduced by 26% in GA and 9% in PL at optimum length. This may be explained by shorter MTU length of GA and PL in the spastic rats at optimum length (see Table 2 ). For GA and PL, optimum length was lower with respect to reference length, and the active length-force curve was narrower in the spastic rats. The absolute optimum length of GA was also lower because the absolute MTU length of GA at reference length was the same in the two groups (Table 1) . These findings are consistent with length-force characteristics on the basis of net ankle joint moments and ultrasound imaging of spastic GA (2, 15, 16) . The lower optimum length and narrower length-force curve can be explained by a number of factors: shorter muscle belly, fewer sarcomeres in series, stiffer and/or shorter tendon, or a decreased distribution of mean sarcomere length between fibers. We found no indications of shorter muscle belly or tendon length in the present study ( Table 1 ). The number of sarcomeres in series and sarcomere length distribution were not assessed in the present study, but will be investigated in future studies using this spastic rat model. The steeper passive lengthforce curves suggest an increased stiffness of the MTU, but whether this is the result of a stiffer tendon or muscle belly cannot be distinguished in the present study. The spastic rats were standing and walking with a more plantar-flexed position of the ankle joint (see Supplementary Material), which is consistent with the increased passive stiffness and lower optimum length of GA and PL. This could indicate that the muscles have adapted to being active at more plantar-flexed positions of the ankle. However, the plantarflexed ankle position could also be a result of spasticitymediated changes in muscle structure and mechanical properties. In summary, the length-force characteristics of GA and PL muscles are affected by spasticity, but additional research is required to clarify precise causes.
Muscle-specific effects of spasticity. In contrast to GA and PL, and to our hypotheses, active length-force curves of SO were not affected by spasticity. Passive force and stiffness of SO at optimum length were increased in spastic rats, which was also different than the results of GA and PL muscles. SO Length effect for both PL and SO (P Ͻ 0.001) and group effect for PL were found (*P ϭ 0.002), but there was no interaction. B: force is normalized to the absolute total force of PL and SO, respectively, at Lref. The length is normalized to the length range between active slack length and optimum length of GA. A length effect was found for both PL and SO (P Ͻ 0.001), but there was no group effect or interaction. Values are means Ϯ SD.
muscle differs from GA and PL in rats with regard to muscle architecture [shallower pennation angle (14) ], fiber type composition [more type I fibers (14) ], and utilization [longer duration and more stabilizing (22) ]. One study using biopsies from human spastic muscles has reported an increased passive tension in type II muscle fibers, but not in type I muscle fibers (36) , which may contribute to muscle-specific effects of spasticity. In addition, SO is constantly active during low-intensity tasks such as standing and walking, whereas GA and PL are activated appreciably during tasks involving greater mechanical demands, such as running and jumping (22) . GA, PL, and SO all have an antigravity function, and antigravity muscles have been reported to be the most affected by spasticity in humans (45) . Our findings suggest that these antigravity muscles are not affected equally. The continuous activation of SO may protect the muscle from spasticity effects. Because muscle spasticity in humans is diagnosed on the basis of whole limb properties, it is not known whether each of the individual calf muscles can be defined as spastic and whether muscles of the same compartment are equally affected by spasticity. Our results suggest that spasticity can affect muscles from the same compartment differently. It should be noted that the architecture of SO in rat (14, 23) does not resemble that of SO in humans (18, 25) and hence, comparisons should be made with caution. Nevertheless, our findings suggest that it would be of interest to investigate more than one muscle (typically GA) when investigating the mechanical properties of human spastic limbs.
Epimuscular myofascial force transmission. In contrast to our hypothesis, the extent of mechanical interaction between synergistic and antagonistic muscles was not affected by spasticity. Mechanical interaction depends on the mechanical properties of the epimuscular tissues. Therefore, this suggests that the altered limb mechanics in the spastic rats cannot be attributed to differences in epimuscular tissue mechanics, but that they originate from altered mechanics of individual muscular structures.
Evidence of epimuscular myofascial force transmission between GA and synergistic SO and PL was found, but not between the calf muscles and antagonistic TA. In contrast, epimuscular myofascial force transmission between antagonistic muscles has been observed in normally developed rats (21, 27, 33, 38, 47) . In those studies, epimuscular myofascial force transmission was observed between neighboring antagonistic muscles, or with TA at a relatively high length, whereas in our study the restrained TA muscle was kept at a rather low length (corresponding to a 90°ankle angle). These different experimental conditions most likely explain the absence of antagonistic interaction in the present study. However, different experimental conditions are not expected to give rise to group differences, because we also did not find effects of spasticity on mechanical interactions between synergistic muscles.
The spastic rat model. The major advantage of using a rat model is that it allows for studying mechanical properties of several individual muscles, whole muscle compartments, and interaction between muscles and muscle compartments of the same spastic limb. Furthermore, both standardized limb positions (e.g., 90°knee and ankle angle) and standardized muscular conditions (optimum length) can be compared. This has not been carried out before in a spastic animal model and will not be possible in human patients.
The model used in the present study is specifically phenotyped by limb spasticity, which resembles the typical symptoms in human patients suffering from muscle spasticity; that is, limb rigidity, plantar flexed ankles, crooked hands, and in general, impaired motor control (see Supplementary Material). Previously, this mutant rat model has been used for neural studies exclusively (7, 39, 44) . The mechanical properties of the spastic rat calf muscles found in the present study are consistent with the reduced functional range of motion and increased stiffness reported clinically in human limbs affected by spasticity (17, 31, 32, 40) , and the narrower active lengthforce curves estimated in in vivo studies on human GA (2, 15, 16) . Thus the spastic rat model used in the present study mimics several important features of spasticity in human patients, and may be used to elucidate the mechanisms responsible for changes in muscle and limb mechanical properties observed in patients with spasticity.
Conclusions. GA and PL muscles were affected by spasticity in a similar way as reported for human patients with spastic cerebral palsy or stroke. That is, narrower active length-force curves, lower optimum length, and increased passive MTU stiffness at the same joint position. Length-force characteristics of the entire group of calf muscles were dominated by GA. Interestingly, the effects of spasticity were muscle specific within the posterior crural compartment. Because the extent of mechanical interaction between muscles was not affected by spasticity, we conclude that the altered limb mechanics in spastic rats originate from changes in individual muscular structures.
